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FOREWORD

This report was prepared by the Airborne Instruments 7 -
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under Contract AF 30(602)-4179, Project 04 Task 4506 and descriebes
the work performed during the period from h June to 21 September 1966.
The contractor's internal report number is 1031--2. Mr. Donald A.
Hildebrand is the RADC Project Engineer on this contract. The authors L i
report was submitt.d by the authors October 1966.
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Soviet- Bloc Countries by AFR 400-10, "Strategic Trade Control Pt.ocw.
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I ABSTRACT

Thi- report describes the work performed during the K
second quarter of a study of a reflector antenna that provides 7om
(variable beamwidth) and scan capabiity using controlled aperture
amplitude and phase. The antenna consists of a primary reflector
(paraboloid) and a secondary reflector/lens. It operates as a lens in
conjunction with one feed for scanning in the receive mode and as a
reflector in conjunction with another feed for zooming in the transmit
mode. Switching between a zooming transmit mode and a scanning
-receive mode results in a versatile radar antenna with an inherent
duplexing capability. The performance of this antenna system Is be-
Ing analyzed numerically with the aid of digital computers. This
report describes the development of a computer program for solving
the Fraunhofer apertare integral efficiently and with good accuracy. *
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SECTION I

INTRODUCTION

For several years the Rome Air Development Center (RADC)

has sponsored +-.'o techniques that make use of some form of a reflector

antenna in conjunction with aperture phase and amplitude control to

provide zooming (variable beamwidth) and/or scanning. i

One technique, developed by Airborne Instruments Labora-

tory (AlL), uses a cluster of feeds placed on a spherical surface con-

centric with the focal point of a paraboloidal reflector. Each feed is

then independently controlled in phase and amplitude to provide zooming
and/or scanning (reference 1). The other technique, developed by

Blass Antenna Electronics, uses a flat reflector consisting of individual

waveguide elements whose phase can be controlled by diode switches

that change the position of the short circuit in the waveguide. Proper

programming of the switches allows the beam from the reflector to be

varied in width and/or scanned (reference 2). This system is commonly

called a reflectarray.

The purpose of this study is to consider another technique,
different from the two previously mentioned, that will use a reflector

and result in a variable beamwidth and a scanning capability. The

specific technique to be investigated attempts to use the advantages of

the two previously mentioned systems in a single system called (for

lack of a better name) a hybrid system. This hybrid system uses the

optically fed phased array approach of the Blass system together with

the beam magnification and phase correction advantages of the AIL sys-
tem (Figure 1).

The hybrid system consists of a primary reflector (parabo-

loid) a secondary reflector acting as both a phase-controlled reflector and

a phase-controlled lens (shape to be determined), and two feed systems.
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/PRIMARY REFLECTOR

REFLECTOR/LENS

VERTEX FOCAL POINT FEED
FEED

FIGURE 1. HYBRD ANTENNA SYSTEM

The focal-point feed system is used in the receive mode with the secon-

dary reflector acting as a lens; the vertex feed system is used in the

transmit mode with the secondary reflector acting as a reflector. Thus,

the transmit mode uses a reflectarray as the secondary reflector of a

two-reflector system and the receive mode uses a lers "'Kth a simple

reflecting system. The basic premise on which this system is based is

that the diode phase shifters, which comprise the phasing control of the

secondary phasor, can be made to operate in both the reflectarray and

lens modes. This is shown schematically in Figure 2

In the lens mode of operation (receive) the phasor is seen

as a three-bit balanced hybrid transmission device providing 45, 90,

and 180-degree increments in phase. The reflectarray mode (transmit)

is obtained by properly biasing the 180 degree bit--that is, one diode

is forward biased and the other is reverse biased. Under these condi-

tions, the 180-degree bit becomes a short circuit and reflects all the



REFLECTARRAY MODE SIT NO. 3 LENS MOME

TSHORTM BLOCKSr

X HYBRID
16 T8 >

BIT 90e REFLECTOR

LENS MODE 0! 0do0

BIAS IOSDE I IBACK FORWARD FORWARD(DIODE 2- BACK FORWARD BACK
RELATIVE PHASE 0 18 RELCIG

BIT NO. 3

FIGURE 2. TRANSMISSION-REFLECTION PHASOR

energy back out of the input port. This provides a two-bit phasor having
phase increments of 90 and 180 degrees since the energy passes each
bit twice. In addition to providing mode switching, the 180-degree bit
also serves as a duplexer between the transmit and receive modes.

On the basis of this simaplified description, an engineering
study is being performed to determine the design parameters for a
system with the following general electrical characteristics:

TRANSMT MODE4

Frequency 3 Gc +5 percent
Half-power beamwidth 1 X 1 degree
Zoom factor 8
Side-lobe level -25 db without zoom

-20 d1 with maximum zoom



~1 Freuency RECEIVE MODE
Frequency 3 Gc +5 percent
Half-power beamwidth 1 x 1 degree
Scan angle +8 degrees na "'

* Side-lobe 13vel -25 & on boresite
-20 db at maximum scan

angle

In aditt!on, the system should zoom and scan by electronic
Mmeans and be feasible for implementation at UHF.

The effort during the first half of this contract has been
directed toward the writing of a generalized computer program for com-
puting the far-field radiation patterns in three dimensions of the hybrid
system. This program will serve to define the necessary system
geometry needed to obtain the electrical characteristics stated and to
determine the number of bits needed in the secondary phasor to obtain
the zooming, scanning, and side-lobe level.
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SECTION 11

SYSTEM ANALYSIS I

Analysis of the hybrid system can be separated into two I

parts- -determination of how energy propagates within the system, and
calculation of the far-field radiation patterns using the results of the

intrasystem analysis. This division is possible because the gener41

characteristics of the relationship between an aperture excitation and

the resulting far-field pattern are fairly well-known.

An experienced observer can relate the two functions suf-

ficiently well for all preliminary design and the more refined calcula-

tions can be used for a final detailed analysis. The alternative proce-

dure of determining the scanning and zooming patterns for each change

in system geometry would be extremely time consuming.

The first quarterly report of this program contained a dis-
cussion of the intrasystem analysis and the computer programs needed

to perform it. This report -ill be concerned primarily with the prob-
lem of obtaining the far-field radiation characteristic corresponding to
an illumination function on a planar aperture--the output from the

intrasystem analysis.

The relationship between the pattern function and the illum-

ination function is given by the Fraunhofer intmgral

G(u, v) = f F(x, y)exp(iux)exp(1vy)dxdy

where
x, y = coordinates of planar aperture

F(x, y) = illumination function

u, v space variables 2r sin § sin 0/X and 21r sin 0 cos 0/X



7--

=spherical coordnate angles, '

G(rv7) =far-ffeld pnLtern function.

The Obliquiity f actur hPas n~ot been. inded. When F(;, y) is a separable
function of the coordinates the pattern function becomes the pr-duct of
two integDrals of the form

jf(x) exp (Wux dx
a z1

in this case, the problem is not very difficult because each single in-
tegral can be solved rapidly and economically. W~hen the Illumination
function is not sep-amabe, the integrafion is difficult and time consinn-

t ~One approach is to require that the antenna systems aper-
tare have a separable illuminaton function under all conditions. How-
ever, in complicated geomeirical configturations, such as the hybrid
system, the energy flow is quite complex and such a constraint would
be unrealistic, leading to an unfair evaluation of the system's capa-
bilities.

Most attempts to obtain a general method of numerically
solving the Fraunhofer integral have approximated the planar aperture
with a planar array. Solution of the array factor is then straight-

forward and the precision of the results is dependent on the number
of array elements postulated. Evaluation of the total array factor is

quite costly. Performance can be evaluated in several planes econ-
omnically, but intermediate points can be conveniently solved only by
changing the array grid Struetdre or by introducing another approxi-

main with an indetermined effect on precision of the results.I

Ire
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A more safftftory and ueful soluion is tound in ilf-m's fA -method (reference 3, 4) of ; -Tqaatare of defin-te integrals of the form --

.r

ftt x) snudx and jf(x) cos umla
a a

The method iavolves dividiug the interval (a, b) into a rmuber of equal

par-s and evaludig sums o- products of t-igonometric functions and
4: -:f(x), where x !s one of te points defined in the interval (a, b). The

method is suggestiv-e of Pm of evaluating arxay factors but the com-
piuer time needed is maikedly less.

-I - u c.ssive application of FL-an's quadrature method leads
to an approximate solution of the Iranhoer integral. A more com-
plete discussion of this method of solving the & Lible integral is included

in the Appendix. Te precision af the results from this method are
primarily determined by the cube of the spacing between grid points

in the aperture and by the fourth derivative of the illumination fmction.

Since the real and the imaginary part of the illumination funczon must

be evaluated separately; this means that precision degrades approxi-K< mately as the feueh power of the scan angle and as the third power of

the grid spacing. Best results are obtained when the aperture is sym-
,7 metrically disposed about the system origin (x = y = o).

A computer program was prepared (Appendix) for ev-lat-

I ing the double integral by Fllon's technique. The program provided
excellent boresight patterns that che$'ied exactly with known results

7
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for uniform, cosine, and cosine-squared aperture illumination fanc- II
tions and for combinations of these functions, for example, constant x
cesine-squared. The accuracy degraded rapidly with scan ak~le.

The results of a study of the spacing required to dbtain
good precision for a diagonal (worst cs~.se) scan capability uf 13 degrees

(~45 degrees, 0 =13 degrees) are sh-c'.riin Figares 3, A. and 5.
Thirteen degrees was considered adequate for the program. An il-
luminationi function. of cosine x cosiine-c -aimred on a sauare aDertare

was used. The illust2ans show the prineltpail plane patterns for the
boresight condition and for the diagonal scan condition for spazing of
1, 1.5, and 2 wa-velengths. For the least spacing, the patterns are

almost identical, as they should be since the obliqai%'y factor was not
considered. As the spacing increases, the scanned pattern deteri-
orates until it loser- almost ail usefulness at the maximum spacing,

of two wavelengths. -The computer printout for one wavelength spac-

ing is shrpwn in Figure 6.

A pair of principal plane patterns for boresight and for a
26-degree diagonal scan with half wavelength grid spacing is shown

in Mgure 7. The agreement is excellent. For scan angles above
30 degrees, pattern quality degrades rapidly for any spacing.

Considering the product of points in the aperture and the

far field to be Z. the present cost of these calculations using the
IBM 1620 facility at AIL is about Z/4 cents. Improved programming
techniques and the ase of a high-speed computer should cut this figure

by more than an order of magnitude, probably by a factor of 50. So
the present cost of an excellent quality 13-degree scanned pattern for

a 60 x 60 wavelength array would be $9. 00/far-field point with improve-
ment to less than $0.25/far-field point obtainable. The cost for bore-
sight conditions would be about 25 percent of the above.

IxI
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V l -250 0i00 .250 .500 .750 i000 !w250 1*500

S_-.25 310.046 3.888 310.04- 224.098 122.965 2.816 &614 9.162

Us 0.00 360.655 400.022 360-635 260.678 143.037 49.805 .714 10.658

im .25 310.046 343.888 310.046 224.098 122.965 42.816 .614 9.162 _

us .50 188*369 2089930 188.369 136.152 74.708 26.013 .373 5.56*

U =  ,75 62.93 69.758 62.893 45.458 24.943 8.685 .124 1.85$

Us 1.00 11.175 12.395 11.175 8.077 4.432 1.543 .022 .330

c Us 1.25 24.205 26.847 24.205 17.495 9.600 3.342 .047 .15

Us 1.50 5.698 6.3R0 5.698 4.119 29260 0787 0011 .163
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Un 1600 12.469 49.990 256.055 387.020 239.272 40r495 6.790

Un 1.50 6.235 24.998 128.046 193.533 119.653 20.250 3.395

Us 2.00 .344 1.382 7.079 10*700 6.615 1.119 .187

Us 2.50 * .157 .631 3.235 4o889 3.023 .511 .085

t!3-DEGREE 
DI"ONAL =1N

FIGURE 6. PRUMUT OF FAR-FIELD PATTERN FUNCTION
FOR ONE-WAVELENGTH SPACING, APERTURE
OF 10 x 10 WAVELENGTHS
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SECTION MI

CONCLUSIONS -

the hyb dAnalytic techniques for investigating the performance of
the hybrid antenna systems have been studied and two computer pro- ,

grams have been prepared for calculating the essential relationships

between the antenna configuration, the antenna aperture illumination,

and the far-field radiation pattern. Both programs have been tested

against known results and have shown good agreement with them.

01
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19ECTION IV
PROGRAM YFOR NEXT INTERVAL

During the next quarter of this study, additional hybrid
antenna configurations will be analyzed in light of their ability_ to pro- L
vide the required, pattern characteristics.

The computer programs that have been developed will be
refined and put in proper form for conjoined use.

17/18
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APPENDIX
SOLUTION OF THE FRAUNHOFER INTEGRAL

UING F]WION'S, METHOD

The aperture integral

d b
G(u, v) = F(x, y)exp(iux.)exp(ivy)dxdy

can be numerically solved by successive applications of Filon's quadra-

ture method of solving oscillatory integrals of the form

'(x) cos uxdx and f~)sin ud

where f(x) is continuous in the interval (a, b).

The approximate solutions of these integrals are given by

Ab

cos ox xc~ sin ub)o Hx . ()(snul+fb- " sin ux )cos ua + + -conub2r+2r

where

2 r Zr sin ) f2r - sin U ub

r2=O=~- x. [ c ns u x 2 r -i 1
~~2r1 I~ X2r-1Jki)~

A-1 ______K,



ThO interval1 (a, b,) has been- divided !nto -2m. Begments, each of length 1h;

the segments are boundedb3y the points x0 , ..... x2m, with x,) a

a 1  sinQ 2sin2 0

I -- = ++ iP =2 ! t~

A( COS 0 0

where 0 = uh. Expansions of these functions are used for small values

Of 0.

For the double inegration, the interval (a, b) is divided into

2n segments ef length h and the interval (c, d) is divided into 2m segments

of length . The integral must be solved twice, once for the real part

of F(x, y) and once for the imaginary part. Referring to either part as
Q(x, y) we have the double integral

11Q(x, 'xiud exp(ivy)dy
c La

which leads to the single integral
-"I

h Q(a,y)(-sin ua+ icos ua) + Q(b,y)(sin b -i cos ub)

f XI

Ox [Q(a, y) (cos ua + i sin ua) +Q(b, y) (cos ub + i sin ub) + -

-T-I

A-2



~Z (r Y) (ci jrisn )+
r=O

Y z:QX :rlY((sIrA+i1n2)} exp(ivyAdv

I This expression muot be integrated term by term with xespect to y.AnJ example is given:

dI n

jO Cos Ux21, Q[x~y) exp(ivy)dy=

Co " ~r cxy[Q+2rl C) (-sin ye + icos ye)

r=O0

Q x2 ,d)(sin vd - i cos vd)]

~ [~X 2 c)(cos vc + i sin vc) + Q xrd)(cos vd + i sinvd)1+

Jy E Q Ix2r' Y4 )Cos Vy2 +i sinl" 2, +

m

'_"y E Q(x2r, YU- ') Cos "y2s-1 +1 SifVY2 6l)1

A-3



Aplyn tesame techiuesL~ to the L othererm, we cmn
exprass the double iniegral as

d-b

where

d
-hax sin ua fQ(a, y) cos vycl a -Max~ sin ua(Vj)

C2 f

13hxsin ub JQ(b, y) cos vydy~ Ma sin ubCIT3)

d
hxsin ub f Q(b, y) snvydy hux sin tib(V4 )

d
A5 = cos Ux2r f Q(XrfY) cos vydy a

A-14



ra d

OXECos x2 rfYS1 dY

XL~ os Cu22 r(Vd

d
~-~- o~uaQ(a, y) cos vydy --- ~cos u17~ 2 NaV)

cos~ fa Qa,y) sinvydyv -os u(v 8 )

I8 2

1~-cos ubf c~~)Ivd~-f.os ubV

hy9 f f~b COB vydy (

h"-'x cos uxril(Vi1)

A-5-



dd

z-Y e" co5;xr4l(WI2)

11 h,,m cs ua(V 1)

114 MaS. cos ua(V2 )

16 -hcecos ub(V4 )

m
kj h,x Esin r(V 5 )

18= hC,8 , sin uxl(V,) 
1

2sin ua(V,)

120 = ~ sin ua(V8 )

I 1 -T x sin ub(Vq)

ht~ q122 2 - sin ub(V 10)

A-6

-"iA



lM
m -- , -

- 13 =hyx E sinuxr-

124 hyx SinluX,,r_(Vi12 )

For each far field point these 24 terms must be evaluated and properly
sunmmed for the real part and for the imaginary part of the illumination
iio. e res ults are combined to give the field intensity at the

pointL.

A printout of the computer program used to perform these:
operations is shown in Figure 8. A flow diagran of the program is
shown in Figure 9. Improvements in the programming will have to be
implemented before the program will operate near max mum efficiency.
When this Is done the integration program can be used in conjunction

with the program for analyzing the energy flow within the system in
order to obtain the total performance characteristic of any hybrid sys-

I, tern.
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FIWbit 1NTEGRATION( E TWfO CllXEN35T0N 0010
J4 AND " MUST BE Oo
0J&NSIOH X(12.12),YtlZ,1Z)1 o(12,12),SN(303.S~l31,C4C3C),CN1f3O)
2vV(t30iFlEL0(30)*COYt30)
WWIO lflna4NQtUO9LOIJV0*VLDV 0030
QPA6 1lnll.SC~lJ.VSCAJ
READ 10Z9A*8C. 0050

1000 F0PR4AT (212,6r8.3) 2010
1bo1 F0kj4AT(2F8v&5) 2011L
i002 FdRNLATW47.31 20122

fl~(-A I0080
EL2iD-C) /Fh 0090

DO 52 K=1,JI
C0Y(K)=COSFC3*1415q*YZSI 18-A)

52 YZSj=Y2$+PL
( Y25=A

-DO 31 K=19N
X25=C
t)0 20 J= I *,A
CY= 3.1415q*COSF cUSCAtN*XZS+VSCAN*Y2S)
S2Y=-3. 141O9*SINF(LJSCAN*X2S+VSCAN*Y2S?
XlJsK I COYtJ )*COY (K) *COYtXKR*CY

co~D 301 K=1,NI+

301 Y(MlsK)=0*0
DO 302 J=IVM1
X(JN1)zto.

30?- YiUNJ)00
ia U:ztlo 0100

tlFr(VLVD)/DV41. 0330
VAVO
0013 K-19NF
VK(K)=V

11 VCV+DV
PPINT 1O109(VK.tK)oKw1,NF)

1910 FOqlfAT f9X,2HV3,l3P8*31

FIGURE 8. PRINTUT OF MEON 2 PROG19M LISTING
(SHEET 1 OF 6)



0110
DO Iflo 1!, 0120 ~

14 TH=(U*Hl 0130
T7M=2-*-TH 0140 -5

THSQ=TH*-TH 010
THCU=THSP*TH 0160
THQ=SllRTF(trhSQ) 0170 6
IFtTHP-*25115*16*16 0180

15 ALX=( .04444444-( .00634Q2fn6-.000423Z804*THSQ3*THS0)#TICU
BEX=.6666667.( .1333333-( .03809524-.O035Z7337*THSO)*THSO)*THSO 0200
GA=.33311333(04695*00884*TSITS)T~ 0210
Go To 17 0215 ~

16 CTTH=COSF(TTH) 0220 ~
STTHi=SlNF(TTH' 0230
CTHl=Co5F( THI 0240 '

STH=S!NF(TH) 0250
ALX=(1.+STTHTT+-( .-CTTH)/THSO)/TH 0260 2'.
BEX~( 3.+CTT1K-2.J-STTH/TH3 /THSQ 0280
GAX=-4.*(CTH-STH/TH) /THS0 0290

17 UA=U*A 0300
UB=U*B 0310
V=VO 0320
Or' qA L=1,9NF 0340

18 PH=IV*FL) 0350 ~
TPH=2.*P4 0360
PHSQ=PH*PH 07

'.0PHCU=PHSO#PH 0370

PHR=SQRTF(PNSO) 0390
20 1F(PHR-#25)Z1*22922 0400
21 ALY=( .04444444-( .O63492Q6-.0OO4232804*PHSQ3 *PHSOI*PHCU

8EY .6666667+(.1333333-c.038O9524-.Q03527337*PHS0)*PH5O)*PHSQ 0420
GAY=1.333333-(.1333333-r.00476IQ05-.0Ofln88l8342*PHSO)*PIISO)*PHSO 0430
GO To 23 0440 I

22 CTPH=COSF(TPHI 0450
STPH=SINF(TPH) 0460
CPHoCOSF (PH) 0.470 ~
SPHaSTNF(PH) 0480 3c

ALYn(1.+STPH/TPH-( 1.-CTPH)/PHSQI/PH Cr490
BEYZ(3*+CVPH-&*'**STPHfPH3 /PHSQ 0500
GAYw-4.*(CPH-5PH/PH) /PHSq 0510

21 VCCV#C 0520
V~zV*D 0530

24 SluSINF(A) 0540
S2=SIMF(UB) 0550
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S3iSTHFl(VC) 0560

Cl-eOSFUAl 0580-
.C2=C$~(tB) -0590

C3zCOSF(vcs -0600
C~eCGSFIVD) 0610
S7'z53

SaMS4

Y2SI-A.EL 063e
26 D6 36 KztlsN92

KI=K+1
SN(K)=SINFCV* Y2S) 0680
SN1(V1)SIPvMV2S1) 0690
CN(k)=COSF(V*Y2S) 0700
CNI (KI)=COSFcv*Y2S1) 0720
Y2S=Y2S+Z.*FL 07jO

30 Y2S1=YZS+FL 0760
00 70 J=1'4
00 70 K=',141

70 O(JvK)=XiJ#K)
LN=0 0780
SUMX=00 0790A

SUXY=00 0800
1 2 Rl=-.5*(O(l,1)*C7+0th4J)*CR) 3i

Rll=0). 0820
R2=-.5*(Q(Mgl)*C7+0p14,N)*C8) 0830

P21=".0840
Re&=-*5*f0( ,i*C7+0C 1*N)*C8) 0850
R41=fl. 0860
R5z-*5*(0(Mt1)*C7+0(MN)*C8) 0870

T1=0. 0880 -

T2z-*5*(oP4,1)*S7+0(MN)*S8) 0910
T2luO. 0920
T4=-*5*(Q(l,1)*S7+0(1* N)*S8) 0930
T41 =n. 0940
T5=v.'5*CQ(M,1 '*S7+QC?4,N)*8)
T51 a( 096n

14 00 4n KultNt2
KI=K+l

FIGURE 8.
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PlPjl43t 1,K)*CIN(K)

R21=R21.fl(M*Kl)*CNl(Kl) 1030
R4uR4+Q0 i,,-.*CNfKl 1040
R4~izQ4l+otl9K1 )*CN1CKI; 1030~

q~mP+otMK)*C(K)1060
R5ja5+0.,K)CK K) 1070
T1-Tl40( 1,K)*S%'(K3 1080

T2=T2.0(MK)*..N(K) 1100
T21=T21.0(t4,K1)*SNl(KlJ 1110
T4=T4+0( 1,K)-*SN(K)
T41=T41+0(1,Kl )*SN4(K]) 1130

TS=T+0(MK)*S(KJ1140
40 T51=T51+0(MtK1 )*SNI(K-) 1150
42 HL=H4*FL*ALX 1160

V1=ALY*(-(0(1,1)*S3+0(lN)*54)+BEY*Rl.&GAY*RlI 1170
FJ 1=-V1*HL*S1 1180
V2=ALY*(Q(1,1?*C7-0(1,N3*C8)+BEY*T14GAY*TlI 1190
ET 2=-V2*HL*Sl 1200
V3-ALY*C-0(M,1)*$7+0(MsN)*S8)+BEY*R2+GAY*R21 1210
FT3'=V3*HL*S2 1220
V4sALY*tQ(M4,1)*C7-ocP,N3*C8)+BFY*T2.GAY*T21

t PJ &=V4*HL*S2 1240
46 HLR=H*FL*BEX 1250

V7=ALY*(-Q(1,1)*S3+Q(1,N)*S4)+BEv*R4+GAY*R41 1270
E17=-t'7*HLB*.5*Cl 1280 z
VH=ALY*(Q(1l'l*C3-0( lN)*C4)+BEY*T4+GAY*T41 1290
E18=-VR*HLB*."*'Cl 1300
VQAY(OMl*30Ms)S)BYR+A*5 1310
FT()=-VQ*HLA*.,*~C2 1320
vfl=ALY*(0(M,1 3*C3-Q(tN)*C4)+8EY*T5+GAY*T51
FTl=-V1O*HLS*s5*C2 1340
FT 13=V1*HL*Cl 1350
El 14--V2*HL*C1 1360
FT 15=-V3*HL*C2 1370
FT 16=V4*HL*C2 1380
FT 1Qm-V7*HLB*.S*S1 1390
FT 2f=VR*HLP*. 5*51 1400
VT 21w-V4*HLB**S*S2 1410
Ff22. Vfl*HLP*,S*S7 1420

48 Man~ 1430
ET6=0 1440

FILGURE 8.
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E111=0 1450
Ff32.01460
FJ 17=0L470

1460

E124=0O 1500

DO SO JslI',2

4ji-i5*(J,1 3*C740iJjf)*C8) 1530
1540

q6F-.54f~tJl*1 )*C7+0(Jl,1I)*C8) 1550
1566

T3=-.5*(0CJ,1)*S7+Q(J,14)#S~i 1570
T31=0 1580
T6=-*S*(G(J1, 3*S7+r'(JIN3.S8) 1590
T61-0 1600
DO 50 K=1vN*2

R3=R3+OfJsK)*CN(K) 1630
R31lR51+0(J9K-1)*CNhiKI)
R6uR6+0CJloK3*CN(K) 1650
R6lnR61+0(J1,Kl)*CN1(Kl3 1660
T3=T3+(Y(J,KI*SN(K) 1670
T31=TIl+Q(J*Kl1)*SN1(K1 3 1680
T6iT640)(JI ,K)*SNCK) 1690

50 T61=T61,0(jltKl3*SklltK)) 1700
V5'=ALY*C-Q(J,1 )*S3+0(JN[KS4)+BEY*R3+GAY*RSI 1710
E15=E15+iHLB*VS*COSF(U*X2R3 3 1720
V6=ALY*(Q(J,1 )*C3-G(jN)*C8 3+BEY*T3+GAY*T31 1730
F16=E1 6+HLB*v6*COSF(CUOX2R)3 1740
HLG=H*EL*GAX 1750
VIl=ALY*(=0(J1,11*S7+0(J1,N3*S8) +BEY*R6+GAY'R61 1760
E!I1nETIIHL(S*V11*COSF(U*X2R1 3 1770
Vl2eALY*(CQ(.j1,)*C7-0CJIltN)*CS) +BFY*T6+(OAY*T61 1780-
E!12aET 124HLA"V12*COSF(U*X2R1) 1790
EII7uFt l7+HL8i!V5#ST4F(U*X2R) 1800
E118ftFT 8-HLS'!V6*STNF (U*X2RI 1810
E123uEl23+HL6*Vl1 *S1NF(U*X2Rl) 1820
E124uFT24-HLriV12*STNF(U*X2Rl) 1830
X2RaX2R+2*'H 1840

6fl X2RlwX2R44i 1850
tFILN36lt61,62 1860

FLGUIRE 8.
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S-4'.

A

61 SUMAX=FTI+FI3+E15+ET7+FT9+Elll+FI14+F116+ET18.F120+E124+EI22 1870
SUMY=E12+EI4+EI6+FTS+E1 ln+EI 12+EI13+EI15+EI17+Ellg+FT21+EI23 1880
LN=I1, 1890
00 71 J=1,M1
nn 71 K=lzNl

71 'ONJ 9K)=Y (J 9K
SO0 Tr) 32 1900

62 SUMX=SUPX-E12-FI4-ET6-ET8-FIIO-ET12-EI13-F.T15-EI17-FIIQ-EI21-Et23
SUM.Y=StIMY+T1+3T'5+FT7+EI9+Flll+FI14+ET16+EU18+9120+F122+ET24 1920

w 30nA' FORM4AT (2FS.3)
F!F.LD(L 3=4.*SQRTF (SUMX*SUMX+SUMlY*SUMY)

on~ V=V+DV 2020
PRINT 10n59,5(FIELD(L)9L=19NF)

1'qAS FORMAT (/31 tJ~F8*29I3F8*3)
Inn U=U+DU 2030
64 CONTTNUF

CALL FXTT
FND

FIGURE B.
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